Available experimental studies on the effect of the interfacial transition zone (ITZ) on transport properties of cement-based composite materials appear to be ambiguous. The main objective of this work was to enhance the understanding of the relationship between ITZ and transport properties of Portland cement-based materials by using both a rapid chloride migration test and theoretical calculations. A densification factor which is related to aggregate volume content was introduced to further determine the transport properties of ITZ. Results indicate that the overall porosity decreased with increasing aggregate volume content due to the dilution effect by impermeable aggregates. The porosity was above the theoretical dilution line obtained from P 0 ×(1-V agg ) for mortars with more than 20% of aggregate, which can be attributed to the presence of high porous ITZ. On the other hand, more porous ITZ was expected to be accompanied by a denser bulk cement matrix, which leaded to a decrease in the porosity of mortar with less than 35% of aggregate. The ITZ effect would dominate the blocking aggregate, densification and tortuosity of bulk paste when aggregate volume content exceeded 0.35. The ratio between the migration coefficient of the ITZ and that of the matrix (D ITZ /D matrix ) increased with aggregate volume content and assumed ITZ thickness. In addition, the influence of ITZ increased with increasing the degree of interconnection slightly until 1.0. Beyond this value, a sudden increase in D ITZ /D matrix ratio was observed indicating the negative percolation effect when the adjacent ITZ start to interconnect.
Introduction
The interfacial transition zone (ITZ) is the region surrounding each aggregate particle, where the microstructure is modified by the presence of aggregate. The origin of ITZ lies in the so called "wall effect", by the packing of the anhydrous cement grains against the relative flat aggregate surface (Scrivener et al. 2004) . The wall effect along with micro-bleeding which leads to the accumulation of water beneath the aggregate, result in a distinct microstructure within ITZ compared to that of the bulk paste. Higher porosity and orientation deposition of calcium hydroxide, and fewer cement particles than in the bulk paste characterize the ITZ as the weakest link in the cement-based composites (Bentz et al. 1992; Liao et al. 2004; Scrivener et al. 2004) .
As a result of the distinguished microstructure, it is normally assumed that the ITZ should facilitate the ingress and movement of external aggressive agents into concrete. Additionally, it is expected that local transport properties within ITZ are higher than the bulk paste due to its higher porosity. To investigate the influence of ITZ on the transport properties quantitatively, a number of works have been performed on the artificial ITZ by casting neat cement paste against the plane surface of a large aggregate (Ping et al. 1991a, b) . Other works were also carried out by using the same height of the rod-shaped aggregate and the specimen, and the ITZ quantities were controlled by varying aggregate lateral surface and volume fraction. For example, Breton et al. (1992) pointed out that the effective diffusion coefficient of chloride ion is 6 to 12 times greater in the ITZ than in the bulk paste. By using the accelerated chloride migration test, Yang et al. (2005a, b) calculated that migration coefficient of the ITZ is 40.6, 35.5, and 37.8 times of the altered migration coefficient of matrix mortar for the water/cement (w/c) ratio of 0.35, 0.45, and 0.55, and is 2.83, 1.76 and 1.55 times of the matrix migration coefficient for the ITZ with the thickness of 20, 40 and 50 mm, respectively.
Although these studies indicate that the ITZ is more penetrable than the bulk paste, they offer limited information on the overall properties of real materials where the microstructure is much more complicated and heterogeneous. The other challenge lies in how to extracting the influence of ITZ effect from other parameters, such as dilution and tortuosity of paste induced by the presence of aggregate. Therefore, some theoretical frameworks were proposed to enhance the understanding of the influence of ITZ on the transport properties of Portland cement concrete (Bentz et al. 1992; Garboczi and Bentz 1991) . The models were also validated with the electrical conductivity of mortar samples Shane et al. 2000) . Works done by applying a twin geometrical model and assuming a 20 μm thickness of the ITZ, Ping et al. (1991b) have also calculated that the conductivity of the ITZ should be 10 times greater than that of the bulk paste. Using a semi-empirical, three-phase composite sphere model, however, Zheng et al. (2009) indicated that the influence of ITZ on the overall steady-state chloride diffusivity is small, despite it being on average more porous and itself having a diffusivity that is several times that of the bulk paste. In addition, a multi-scale model proposed by Sun et al. (2011) predicts that the chloride diffusivity of concrete composite materials depends on the chloride diffusion coefficient of the bulk paste and ITZ. All these inconsistent results from different sources underscore the difficulty in isolating and determining the ITZ effect when preparing and testing samples with different aggregate content.
When the samples are prepared with high aggregate contents, adjacent ITZs would be expected to interconnect and form a continuous path for the penetration of ions and water. Therefore, the percolation of pores in the ITZ is of great interest for studying the transport phenomena in Portland cement-based materials Bonneau et al. 2000; Care 2003; Princigallo et al. 2003; Scrivener and Nemati 1996; Yang 2005; Yang and Cho 2005) . By using mercury intrusion porosimetry (MIP) test, Winslow et al. (1994) found that a sudden increase in intruded pore space was observed when the sand volume fraction increased from 45% to 49% (Winslow et al. 1994) . Other studies on mortars also attributed the increase in the paste porosity to the presence and percolation of ITZ (Delagrave et al. 1997) . Additionally, modeling work has also found that ITZ forms an interconnected network after a critical aggregate content even for a modest width of 10-20 μm Bentz 1996, 1998) . On the other side, some studies observed a decrease in transport properties with increase in aggregate volume fraction, indicating that the percolation of ITZ has limited effect on the overall properties (Delagrave et al. 1997; Hornain et al. 1995; Rangaraju et al. 2010; Wong et al. 2009 ). Therefore, the relationship between the percolation of ITZ and transport properties in real materials remains uncertain.
Besides the factors mentioned above, there is another possible complications in determining the local transport properties of ITZ in most real mortar or concrete. Due to the redistribution of cement particles, the ITZ has less cement and higher w/c ratio, accompanied by a denser bulk cement paste with more cement and a lower w/c ratio than the nominal value (Care 2003; Garboczi et al. 1995) . This redistribution makes the transport properties of bulk paste in the mortar or concrete not the same as the neat cement paste, and should be considered in determining the local transport properties of ITZ as well as its effect on the overall properties. Therefore, the aim of this study was to provide insight into relationship between the ITZ and transport properties by using both a rapid chloride migration test and theoretical calculations. Chloride migration was selected as the transport process because it is one of the most widespread and crucial parameter affecting concrete structures. Parameters concerned in this work are densification of bulk paste, ITZ volume content and interconnection.
Experimental

Materials and mixtures
Ordinary Portland cement (OPC) CEM Type I 52.5 N, complying with the European standard EN 197-1 (2000) , was used for all mixtures. The compositions and physical properties are given in Table 1 , and the particle size distribution is shown in Fig. 1 .
The aggregate used is gravel sand and the maximum size is 8 mm, its measured density and surface area is 2625 kg/m 3 and 7.08 m 2 /kg, respectively. The gradation curve is given in Fig. 2 . The aggregate volume content varied from 0.0 to 0.6, mortar samples are prepared at a fixed water to cement ratio (w/c) of 0.5. After mixing, the samples are cast into molds (150 mm×150 mm×150 mm) and demolded at 1day. Three Φ100 mm×50 mm cylinders are drilled from each cube after 14 days of curing. The drilled specimens are subsequently cured in a fog room maintained at nominally 95% RH. and 20±2℃ until testing. 
Methods
Water accessible porosity For the determination of porosity accessible to water, an approximate method with a vacuum saturation and drying procedure was performed on the parallel mortar cores (Φ100 mm×50 mm) used in the transport measurements. At 28 days, the specimens were placed in a vacuum container, and water was added afterward until the specimens were completely immersed. After one extra hour of vacuum preservation, the air pressure was re-loaded and the specimens were stored under water for 24 hours. The porosity was derived from the difference in mass of the water saturated sample to the dried sample (Schmidt et al. 2009 ). Thereby, the specimens were transferred and kept into an oven at 50°C and 105°C until constant mass. The total porosity (P 105°C ) was calculated based upon the difference in mass of the water saturated sample and the dried (105°C) sample (Eq. (1)). The capillary porosity (P 50°C ) was similarly based upon the difference in mass of the water saturated sample and the sample dried at 50°C (Eq. (2)).
Where P is the water accessible porosity in volume (%), m sat is the weight in air of saturated sample, m wat is the weight measured in water of the saturated sample, and m 50°C and m 105°C is the constant weight of oven-dried samples at 50°C and 105°C, respectively. Finally, the gel porosity was calculated from the mass difference of the dried (105°C) sample to the sample dried at 50°C.
Mean inter-aggregate distance
If the conventional assumptions of the effects of the ITZ on the transport properties are correct, the proportion of ITZ volume to bulk paste volume, and the extent of percolation between adjacent ITZs should determine the concrete properties to a great extent. Therefore, the average distance between adjacent aggregate grains can provide a useful index to evaluate the effects of ITZ on the transport properties. The average distance is determined by both the aggregate volume fraction and size. The average distance between adjacent aggregate grains is reduced when the number of grains increase, or finer aggregates are used in the mixes. In this paper, the average distance between aggregate was calculated by using the method proposed by Rangaraju (2010) . The volume of cement paste is introduced into the dry-rodded aggregate in two steps: (i) the cement paste firstly fills the pore space between the grains in the dry-rodded condition; (ii) the excess paste beyond this volume serves to push the grains apart until all of the excess paste has been introduced and the final concrete volume is attained; (iii) It is assumed that all aggregate particles are enveloped by a shell of paste of uniform thickness. This thickness is simply the volume of the excess paste divided by the total surface area of the aggregate, and the average inter-aggregate distance is twice the thickness of the shell, and can be calculated by Eq. (3):
Where V agg is the aggregate volume content, SA is the total specific surface area of aggregates (in m 2 /m 3 ), ρ a is the apparent density and ρ p is the packing density under dry-rodded condition of the combined aggregate (in kg/m 3 ).
Rapid chloride migration measurement
To investigate the influence of ITZ on the penetrability of chloride ions into concrete, a rapid test procedure is necessary to study this type of phenomenon without modifying the properties of ITZ. Therefore, a non-steady state migration test was carried out on the obtained specimens at age of 28 days. Prior to the migration test, the specimens were vacuum saturated with a saturated Ca(OH) 2 solution. Then a DC external electrical potential is applied on specimens for a certain time period forcing the chloride ions from the 10% NaCl solution to migrate into specimens. The schematic is presented in Fig. 3 . Due to the potential difference applied between the electrodes, chloride ions move from the upstream solution, through the specimens towards the downstream solution. The duration of the test yields between 6 and 96 h depending on the quality of the specimens expressed in terms of the initial current value when the external voltage is set to 30 V. After the migration, the specimens are split and sprayed with AgNO 3 -a colourimetric indicator for chlorides. Finally, the chloride penetration depth was measured and used for the D nssm . Details concerning the testing procedure were explained elsewhere (1999).
The general continuity equation for the chloride transport in concrete presents as: Where ct is the total chloride concentration in concrete, u is the velocity of chloride ion, c is the concentration of chlorides, J is the total chloride flux and r is the reaction term. The total flux of chlorides for a combined process of diffusion and migration through saturated and uncharged porous medium can be given by the Nernst-Planck equation (Castellote et al. 2001; Tang 1999) :
Assuming: (i) a constant electrical field distribution across the samples; (ii) the convection term equal to zero (no pressure gradients during the process); (iii) zero reaction term, and a simplified equation can be applied to calculate the D nssm : Figure 4 (a) presents the porosity of samples versus aggregate volume content. It can be seen that the addition of aggregate tends to modify the porosity. The overall porosity decreases with increasing aggregate volume content due to the dilution effect by impermeable grains. Comparing the measured results with dashed line obtained from P neat paste ×(1-V agg ) in Fig. 4(b) , both the capillary and total porosity values are above the theoretical line except for samples prepared with 10% and 20% of aggregate. The higher porosity than the normalized one may be attributed to the presence of high porous ITZ when grains were added into the neat cement paste. On the other hand, more porous ITZ is expected to be accompanied by denser bulk cement matrix (Care 2003) , and lead to a decrease in the porosity. This effect would be more prominent for samples made with lower aggregate volume content. The threshold value is 20% in this study.
Results and discussion
Effect of aggregate on porosity
Effect of aggregate on chloride migration
The results of the chloride migration coefficient obtained at 28 days are given in Table 2 . The overall migration coefficient appears to depend on the aggregate content of the mixtures. An increase in aggregate volume content leads to a decrease in migration coefficient until 0.35 due to the dilution and tortuosity effect induced by the presence of aggregate. Then a significant increase in the migration coefficient was observed when the aggregate content increased from 0.35 to 0.6. This marked increase in permeability was also observed in Halamickova's work (1995) , when aggregate volume increased from 0.45 to 0.55. This is also in agreement with the MIP results of Winslow et al. (1994) , which was concluded as an indication that ITZ has reached a high connection degree.
The transport properties of mortar are determined by the transport properties and content of their constituents. In this work, mortar is considered as bulk paste (matrix), aggregate and ITZ. The aggregate has much lower transport properties. If the ITZ is impermeable, the transport properties of mortar will decrease with an increasing in the aggregate content (Yang and Cho 2005) , which contradict the test results in Table 2 . Normally two opposite effects should be taken into account when the aggregate was introduced into the hydrated cement paste (Care 2003; Delagrave et al. 1997; Shane et al. 2000; Yang and Cho 2005) : the dilution, tortuosity and densification of bulk paste reduce concrete permeability while the ITZ and its percolation effects increase. More specifically, when aggregates are sufficiently closely-spaced that the adjacent ITZs overlap, fluid and ions transport would be significantly enhanced (Rangaraju et al. 2010; Winslow et al. 1994) . This might be the reason for the enhanced migration coefficient when the aggregate content reached 0.6.
Effect of ITZ on chloride migration
Considering the aggregate is relatively impermeable and a linear parallel chloride ion flow exists, the migration coefficient of three-phase materials can be expressed as D nssm = D 0 (1-V agg ), where D 0 is the migration coefficient of paste and V agg is aggregate volume fraction (Garboczi and Bentz 1998; Yang and Cho 2005; Yang and Su 2002) . The aggregates block the flow paths, reducing the permeable area in a cross-section of specimens. Through combining the tortuosity effect with the dilution effect, the migration coefficient can be expressed by the well-developed Bruggeman-Hanai law for the case of spherical, non conductive particles in a conductive matrix: D 0 (1-V agg ) 3/2 (Mclachlan et al. 1990 ). This model assumes that the conductivity of the bulk paste is constant as non-conductivity particles (in the present research this is the aggregate) are added, so the effect of the particles is to dilute the bulk paste and redirect transport path around themselves (tortuosity effect). In the dilute limit of a low volume fraction of particles, it is known that the law is exact. For general volume fractions of particles, this model has also been found to be accurate (Shane et al., 2000) . However, this equation didn't consider two possible factors. The first is the densification effect of bulk paste due to the redistribution of cement in mortar. The presence of porous ITZ is expected to be accompanied by denser bulk paste which would reduce the permeability. The second factor is the effect of ITZ, which could influence the transport due to its characteristics different from that of paste, and there is no percolation threshold for the inclusion in it. In mortar or concrete, the matrix is always connected, and the aggregate are disconnected. Therefore, if the chloride migration coefficient of bulk paste stays constant as more aggregate is added, and the effect of the ITZ on overall properties is negligible, then the experimental data should follow the model line. The results will go below the line if the densified bulk paste reduces the transport properties, and above the line if the ITZ has an increasing effect on transport properties.
In 
Chloride migration through ITZ
It is basically assumed that ITZ is a uniform layer around the spherical shape of fine aggregate. Combining the ITZ effect with dilution and tortuosity effects D 0 (1-V agg ) 3/2 , the migration coefficient of mortar was expressed as (Yang and Su, 2002) :
Where αD 0 and βV agg is migration coefficient of ITZ and volume fraction of ITZ, respectively. The bulk paste replaced by the ITZ paste was also subtracted (βV agg ) in this equation. However, this model assumed that ITZs are not overlapped and did not consider the particle size distribution of aggregate. In order to obtain a more accurate relation between the overall transport properties and ITZ, therefore, the volume fraction of ITZ and bulk paste is calculated by taking into account the overlapping of ITZ shells and aggregate size distribution. This is carried out by using the void exclusion probability as described in Lu and Torquato's work (1992) , and as denoted in Bentz and Garboczi (1998) . As described in the reference (Garboczi and Bentz, 1998; Zheng et al., 2009) , if one adds a spherical shell of thickness h around each one of the spherical particles, then the volume fraction of materials outside of both the particles and shells is e V (h), which is basically the volume fraction of bulk paste in this study. The function form is:
Where Vagg is the aggregate volume fraction, ρ is the total number of aggregate particle per unit volume, and the coefficients c, d, g are given in terms of average over the particle size distribution of the aggregate in terms of number. These coefficients can be determined from the sieve analysis with certain reasonable assumptions. 
Where <R> is the mean aggregate radius and <R 2 > is the mean square aggregate radius over the entire aggregate size distribution, the detailed process can be found in the (Garboczi and Bentz 1998) . The λ has different values (0, 2, or 3) depending on the analytical approximation used in the theory (Lu and Torquato, 1992) . Garboczi and Bentz (1998) observed that the actual values of λ did not make much difference to the calculated volume fraction, but λ=0 was always slightly better than λ=2 or 3 by comparing the with numerical values. Therefore λ=0 was applied in the present study. Finally the volume fraction of ITZ can be obtained by subtraction once the bulk past volume was determined. This complex equation accounts for the overlapping of shell surrounding each particle at high aggregate addition.
In order to determine the gas permeability of ITZ, a new approximation is proposed based on the B-H law and combine the dilution, tortuosity, densification and ITZ together, which can be expresses as:
Where D nssm is the non-steady-state chloride migration coefficient, a is the densification factor which is related to the aggregate volume fraction (a=1 in case of neat cement paste), D 0 is the chloride migration coefficient of neat cement paste, D ITZ, I is the intrinsic migration coefficient of ITZ. According to measured D nssm and calculated e V (h) and V ITZ (in Table 2 ), the D ITZ, I can be obtained by using the least square method. Taking a fixed ITZ thickness of 15 μm for instance, the obtained D ITZ, I is 372.52×10 -12 m 2 /s. The influence of ITZ on the transport properties also depends highly on the contrast between the ITZ and that of the bulk cement matrix Shane et al. 2000) . For mortars with a w/c ratio of 0.5, a range of aggregate volume contents and assumed ITZ thicknesses, the ratio between migration coefficient of ITZ and that bulk cement paste can be calculated by using Eq. (16). The obtained ratio versus aggregate and ITZ volume content is given in Fig. 6 . It can be seen in Fig. 6(a) that the ratio between the migration coefficient of the ITZ and that of the matrix pastes increases with the aggregate content and the assumed ITZ thickness. Recall that the amount of aggregate and ITZ thickness determine the volume fraction of ITZ and therefore determine the in- creasing effect of ITZ on the transport properties. The results in Fig. 6 (b) indicate that the ratio increases with ITZ volume fraction. For a given aggregate volume content and size, the ratio increases with ITZ width. Additionally, the transport properties of ITZ are approximated as the average of all the ITZ shell, although the real ITZ microstructure is spatially variable and its gradient is not uniform for each and every aggregate particle.
Effect of interconnection on chloride migration
Although the ratio presented in Fig. 6 shows a similar trend with increasing ITZ volume and ITZ width, the increased amplitude varies in accordance with the sand content and ITZ thickness. The reason for this could be attributed to the interconnection of ITZ. Previous experimental and theoretical studies have also shown that ITZ percolates in samples when the adjacent aggregates are close enough (Winslow et al. 1994) . The porous ITZ tends to interconnect at higher aggregate content with a fixed ITZ thickness, or at wider ITZ thickness with fixed aggregate volume content. The degree of ITZ interconnection, α is defined in this study as:
Where h is the thickness of ITZ, d is the mean distance of inter-aggregate spacing and given in Table 2 . When α is equal to 0 (either the thickness is 0 or the aggregate content is 0), the migration coefficient will be dominated by the transport properties of matrix paste and ITZ does not exert any influence on the overall properties. The ITZ will begin to percolate completely when the value of α reaches 1. The ratio of chloride migration transport between ITZ and bulk cement matrix versus the degree of interconnection is given in Fig. 7 . It is observed that the influence of ITZ increases with increasing the degree of ITZ connection slightly until 1.0. Beyond 1.0, there is a sudden increase in D ITZ /D matrix ratio, indicating the negative percolation effect when the adjacent ITZ start to interconnect. In this work, the critical aggregate content, at which the adjacent ITZ starts to percolate, can only be obtained after the exact ITZ thickness and inter-aggregate space are given. Although some positive information has been given, further investigation with respect to how much the percolation determine the overall properties of the composites need to be carried out.
Another important parameter in mortars is the air void systems, which is often badly controlled in samples containing a high amount of aggregate and depends strongly on the compacting procedure of the fresh mixtures. It is often assumed to play a negligible role in the mass transport, but large air voids would also have their associated ITZ and would be packed very close to the aggregate particles in certain cases (Wong et al., 2011) . In these cases, the region closest to the voids is potentially more porous than the ITZ around aggregates. The air voids may not be treated as inclusions with zero transport properties depending on their saturation degree. The air voids in saturated samples are also able to exert some negative effect on the mass transport.
Conclusions
In this paper, the relatively importance of ITZ and ag- gregate volume content and size on non-steady-state chloride migration was investigated. Mortars were approximated as three-phases models representing the impermeable aggregates, bulk cement matrix and ITZ with assumed widths. A densification factor was introduced in the B-H law. The experimental results combined with theoretical models can be used to provide insight the significance of the ITZ with regard to the transport properties of Portland cement-based materials.
For the study of the effect of ITZ and its percolation on the transport properties, several other factors should be considered with the variation in aggregate: (i) the dilution and tortuosity of the bulk cement paste by using high aggregate volume fraction or finer aggregate size decreases the permeability; (ii) the densification of bulk cement matrix associated with the presence of ITZ decrease the permeability; (iii) the presence of ITZ and its percolation increases the transport properties. The overall porosity decreases with increasing aggregate volume content due to the dilution effect by impermeable aggregates. The porosity is above the theoretical dilution line obtained from P 0 ×(1-V agg ) except for mortars made with 10% and 20% of aggregate, which can be attributed to the presence of high porous ITZ. On the other hand, more porous ITZ is expected to be accompanied by a denser bulk cement matrix, which leads to a decrease in the porosity of mortar with less than 35% of aggregate.
It was found that the ITZ does not seem to significantly enhance the overall migration coefficient of the mortar at low aggregate content. However, the migration coefficient is affected by ITZ when aggregate volume content exceeds 0.35, and the ITZ effect would dominate the blocking aggregate, densification and tortuosity of bulk paste. The ratio between the migration coefficient of the ITZ and that of the matrix pastes increased with the aggregate volume content and the assumed ITZ thickness. In addition, the influence of ITZ increases with increasing the degree of interconnection slightly until 1.0. Beyond this value, a sudden increase in D ITZ /D matrix ratio was observed indicating the negative percolation effect when the adjacent ITZ start to interconnect.
